Sucralose is a commonly employed artificial sweetener that appears to destabilize protein native structures. This is in direct contrast to the bio-preservative nature of its natural counterpart, sucrose, which enhances the stability of biomolecules against environmental stress. We have further explored the molecular interactions of sucralose as compared to sucrose to illuminate the origin of the differences in their bio-preservative efficacy. We show that the mode of interactions of sucralose and sucrose in bulk solution differ subtly using hydration dynamics measurement and computational simulation. Sucralose does not appear to disturb the native state of proteins for moderate concentrations (<0.2 M) at room temperature. However, as the concentration increases, or in the thermally stressed state, sucralose appears to differ in its interactions with protein leading to the reduction of native state stability. This difference in interaction appears weak. We explored 2 the difference in the preferential exclusion model using time-resolved spectroscopic techniques and observed that both molecules appear to be effective reducers of bulk hydration dynamics.
INTRODUCTION
Sucrose is a naturally occurring small molecular osmolyte used to regulate the stability of solvated protein structures against environmental stress. Disaccharides such as sucrose and trehalose are capable of protecting biological organisms from diverse physical stresses including cryogenic storage [1, 2] , elevated temperature [3, 4] dehydration [5] , and excess salinity [6] ; which has resulted in the widespread use of disaccharides in the cosmetic, food, and pharmaceutical industries. The biopreservation properties of disaccharide osmolytes can be attributed to their water structuring capabilities through preferential exclusion from the protein-water interface [7, 8] . We previously demonstrated [9] that the halogenation of sucrose, for the production of the artificial sweetener sucralose, resulted in the reduction of the biopreservation efficacy of the cosolute. The structure of each molecule is presented in schematic 1. In fact, while the native structure of various proteins was not impacted by the presence of sucralose for moderate concentrations at room temperatures, the stability against thermal stress was dramatically reduced in the presence of sucralose.
Sucrose protects the native state of protein structures against thermal denaturation in a concentration dependent manner. We found that the melting temperature of both Staph Nuclease and Bovine Serum Albumin increased linearly with sucrose concentration over the range of 0-0.5M [9] . Others have reported similar enhancement over a larger concentration range [10, 11] .
Conversely, we found that sucralose strongly decreased the melting temperature of these model protein systems in a concentration dependent fashion. It appeared that the reduction of the biopreservation efficacy may have resulted from an alteration in the electrostatic properties of this molecule. In this work, we follow up on the impact halogenation has on the biopreservation efficacy of these molecules by modeling changes in the preferential exclusion of these molecules from the protein-water interface and investigated the water structuring capabilities of these two co-solutes.
The nature of the biomolecular interaction of sucralose has implications for understanding its bioavailability and its overall accumulation in living systems [12] [13] [14] [15] [16] [17] [18] [19] [20] . By measuring the water structuring capabilities of these two co-solutes we learn about the subtle attributes which can influence the efficacy of a solute as a bioprotective kosmotrope, and the degree to which two structurally similar molecules can modify the dynamics of bulk hydration dynamics. We have previously observed the change in hydration around halogenated biomolecules [21] . In that work, we observed that the fluorination of the natural amino acid leucine resulted in the dramatic reduction of interfacial solvation dynamics. Therefore, chemical modification of organic soluble molecules can dramatically impact the behavior of water within the surrounding solvation layer.
We have previously demonstrated that sucrose is capable of altering the dynamics of water far from the solvation layer of the disaccharide. We demonstrated a reduction of hydration dynamics at concentrations well below the overlap of the solvation layers between neighboring molecules [22] . Therefore, we expected that the chemical modification of sucrose might impact its ability to alter bulk hydration dynamics. In this study, we explored the effect of sucralose on bulk hydration dynamics and its impact on stability of proteins. We also explored the interaction of sucralose with four model protein systems and discussed its implication upon preferential exclusion mechanism of biopreservation. We accomplished this by using a combination of ultrafast optical spectroscopy and computational analysis on a variety of model systems. 
EXPERIMENTAL/SIMULATION METHODS
Sample Preparation. Sucralose (98%) were purchased from Sigma-Aldrich, sucrose (99%) from Alfa Aesar and tryptophan (99%) from Acros Organics and were used without further purification.
All the solutions were prepared from ultrapure 18 MΩ water. The concentration of tryptophan used in time resolved experiments was 3 mM. Stock sugar solutions were sonicated for 45 before preparation of target concentration. All the measurements were taken at room temperature (∼21 °C).
Steady State Spectroscopic Measurement. Steady state fluorescence and UV-visible absorption spectroscopy were measured for all sugar concentrations. UV-visible absorption spectroscopy was measured on a Perkin Elmer spectrophotometer. Steady state fluorescence was measure on a Spex Fluoromax fluorometer using excitation at 295 nm with a 5 nm bandwidth. No change in the spectra and the total Stokes shift up to 0.1M of co-solute concentration, or lifetime of tryptophan up to 0.5M of co-solute concentration was observable. An example spectrum for 0.1M cosolute concentration and lifetime curve up to 0.5M co-solute concentration is given in the supplementary information (See Figure S1 ).
Time-resolved Fluorescence Spectroscopy. The details of broadband fluorescence frequency upconversion experimental setup are explained elsewhere [23] . In brief UV excitation pulses of wavelength 266 nm and pulse width of 70fs were used with repetition rate of 150 kHz. The emission fluorescence was filtered using a 300nm long pass filter to remove the residual excitation light and then an upconverted signal was obtained by mixing it with 800 nm gate beam. The frequency resolved upconverted signal was detected using a CCD camera equipped with a diffraction grating for dispersing the spectrum onto the detector. The broad-band measurements were done using a 250 μm BBO crystal, providing a time resolution of 250 fs as determined by fitting a measurement of the Raman response from the solvent. The sample solution was flown through a 0.2 mm thick quartz flow cell to avoid photodegradation. The sample flow and repetition rate were adjusted such as to achieve one shot per sample volume. The signal intensity and emission spectrum were monitored throughout the measurement to make sure no photodegradation or change in intensity occurs during the measurements. Before analyzing the time resolved fluorescence spectrum, Raman line of water was carefully removed, using a Gaussian fit of the upconverted Raman band in pure water. Significant caramelization and local heating can occur due to intense focusing of laser on small volume of a dense sample fluid; hence we restricted our study to low concentration of sugars at 0.1 M.
We fit the time resolved emission spectrums at each delay time using a modified lognormal function as described by Maroncelli and Fleming [24] . To calculate the solvation relaxation time constant, we extract the first moment from this lognormal fit. The first moment of the spectra were plotted as a function of delay time. This spectral relaxation was then fit using a threeexponential function convoluted with a Gaussian IRF. The value of Gaussian IRF and third time constant, representing lifetime of the probe, were kept fixed to 250fs and 3ns respectively. This was done to provide a reference binding energy for a known substrate to calibrate the strength of the interactions of the cosolute and to verify proper simulation and docking of the substrate at the active site. The proteins used in this study along with their PDB code are hen egg-white lysozyme (1HEW) [25] , Subtilisin DY (1BH6, a random mutant of subtilisin Carlsberg) [26] , wild type Staphylococcal nuclease (4WOR) [27] and Thrombin Activatable Fibrinolysis Inhibitor (5LYD) [28] . For convenience, from now onwards we will refer to these proteins as Lysozyme, Subtilisin, SNase and Thrombin respectively. Docking simulations were performed using a publicly available ligand docking software Autodock Vina [29] along with AutoDockTools [30, 31] . Computation time on a high-performance computing cluster was provided by Wesleyan University. The structure of substrates of all proteins were downloaded from RCSB Protein Data Bank and structure of sucrose and sucralose were prepared using ChemDraw (PerkinElmer Informatics). Ligands conformations were energy minimized using MOPAC [32] before seeding the conformation in Autodock Vina. All the rotatable bonds were kept mobile. The metal ions reported in crystal structure of proteins were kept present for all docking simulations. Proteins structures were kept rigid and the value of exhaustiveness parameter was fixed to 100. A total of 10000 poses were generated for each ligand by running Autodock Vina 500 times, each time using a random seed conformation and a random iteration parameter. To ensure the validity of docking algorithm used by Autodock Vina, substrates were removed from crystal structure of proteins, seeded, and then docked to their respective proteins. All simulations of sucrose and sucralose were performed after making sure that substrate of each protein was docking correctly at its active site as reported in the crystal structure. For highlighting local hydrophobicity on protein surface a YRB color code scheme proposed by Hagemans et. al [33] . was produced using the python script provided in their work. Visualization, editing and printing of docking results were done using 
Simulation of Co

RESULTS AND DISCUSSION
Slowdown of Hydration Dynamics by Sucralose.
To investigate the effect chlorination may have on the biomolecular interactions of sucrose we measured interaction of both co-solutes with the intrinsically fluorescent biomolecule, tryptophan. We measured steady state fluorescence and emission spectra for sucrose and sucralose solutions containing 3 mM of tryptophan. No change in the spectra, the total Stokes shift, or the lifetime of tryptophan was observable for co-solute concentration up to 0.5M. The lack of any spectral shift in the presence of either sucrose or sucralose indicates that there is no direct interaction between the sweeteners and the probe molecule. This is consistent with sucrose's role as a non-specific osmolyte that only stabilizes proteins through a solvent mediated, indirect interaction [8] . For sucralose, this implies that any interaction between the probe and the co-solute must occur during the non-equilibrium interactions introduced by the excited state of the probe. The lack of apparent changes in either the absorption or emission spectra suggest that with the interactions are long range and transient, and we infer from this that sucralose is not directly bound to tryptophan. Tryptophan was used as the fluorescent probe in our broadband fluorescence frequency up-conversion experiment to measure changes in solvent dynamics through the solvatochromic Stokes shift [35, 36] . We measured time-resolved changes in hydration dynamics around the solvated tryptophan due to presence of sucrose and sucralose in the bulk. The full spectral response for both sucrose and sucralose at 0.1 M is shown in Figure 1 . The dynamic Stokes shift in time resolved emission spectrums is directly correlated with solvation dynamics of the fluorophore molecule tryptophan.
We observed a solvation time constant of 2.8 ± 0.6 ps for sucralose and 1.5 ± 0.4 ps for sucrose, see Figure 2 . Previously Bräm et.al. [36] have reported the solvation time constant of 1.02 ± 0.12 ps for tryptophan in pure water. Solvation time constant in presence of sucralose is ~86% larger compared to sucrose, this suggest that sucralose is more effective in reduction of bulk hydration dynamics than sucrose. The chlorination of sucrose to derive sucralose appears to have reduced its solubility. We found that the solubility limit of sucralose is approximately 0.6 M, however, sucrose is soluble in water up to ~6 M. Increase in hydrophobicity of proteins (BSA, gelatin and ovalbumin) upon chlorination have previously been reported by Seguchi in 1985 [37] . He found that three residues namely tyrosine, lysine and cystine became more hydrophobic upon chlorination and no change was observed for all other residues. Increase in hydrophobicity upon chlorination of promazine, perazine and perphenazine analogues has also been reported by Gerebtzoff et. al. in 2004 [38] . It is possible that the chlorination of sucrose has altered both its water structuring capabilities as well as its interactions with the protein interface.
The increase in melting point as a function of disaccharide concentration for multiple protein systems has been presented previously [10, 11] . We also previously reported this behavior for BSA and staphylococcal nuclease in presence of sucrose, sucralose and trehalose [9, 22] . We observed that for sucrose and trehalose the increase in melting temperature could be directly correlated with slowdown in bulk water hydration dynamics [22] , which supports a preferential exclusion mechanism of biopreservation by disaccharides. Preferential exclusion implies that there is no direct interaction between disaccharides and proteins (or biomolecule). The addition of disaccharides to bulk water sequesters water molecules away from the protein, decreasing its hydrated radius and increasing its compactness and consequently stability [8] . Although sucralose modifies the bulk water dynamics much more effectively than sucrose, counter intuitive to preferential exclusion model for biopreservation we found it to be destabilizing in nature for proteins [9] . It is possible that this difference arises from the degree to which these two co-solutes are preferentially excluded from protein surface. Sucralose may interact weakly with proteins at high concentrations or within a thermally stressed environment. This would render the larger water structuring capability of sucralose ineffective in promoting the stability of biomolecules. As it seems the solubility of sucralose has been reduced as compared to sucrose, we hypothesized that sucralose could have slightly higher affinity for binding near hydrophobic interfaces on protein surfaces. In order to observe any low frequency events, we generated 10,000 docking poses for each substrate, the mean and least binding energies are reported in table-S1. We found that the orientation of least energy conformation of each substrate matches very well with the orientation of substrate reported in the crystal structure, see Figure S2 . We also observed that majority of substrate conformations actually ended up binding with the active site (100% for Lysozyme and SNase, 98.35% for Subtilisin, 73.1% for thrombin), see Figure S2 . This observation built our confidence in the docking algorithm used by Autodock Vina.
Since it is possible that docking of sucrose and sucralose to proteins may be dominated by their affinity to bind at the active site, and in order to explore entire surface of the protein, simulations were performed in two ways: a) when the bound substrate at the active site is left in a bound state observed in the crystal structure and; b) when the substrate is deleted from the active site. We docked sucralose and sucrose to all model proteins systems 10,000 times, the mean and least binding energies for all conformations are reported in table S1. We observed that, generally, sucrose and sucralose bound to the proteins with a lower calculated affinity than did their substrates. Additionally, we observed no significant difference in either the least or mean binding energy of sucralose compared to sucrose for all proteins. This observation suggests that the difference between sucralose and sucrose is very subtle, probably due to some specific property of the binding sites. Upon further analysis, we found that there are few binding sites unique for sucralose where sucrose does not bind or binds very weakly, see Figure 3 , Figure S3 , S4, S5, and S6. The hydrophobic pockets on surface of proteins are highlighted in yellow using the YRB color code scheme proposed by Hagemans et.al. As shown in Figure 3 Figure 4 .c as a function of molar ratio. In Figure 4 .c, the positive but negligible value ~0.01Kcal/Mol of change in enthalpy of interaction of sucrose with SNase suggests that either sucrose has no affinity to interact with SNase or has very small tendency to repel SNase, which is consistent with preferential exclusion of sucrose from protein surface. Sucralose on the other hand has a very small negative change in enthalpy indicative of either no interaction or perhaps a weak interaction with proteins. The very small amplitude of change in enthalpy for sucralose ~0.045KCal/Mol rules out any hydrogen bond formation among sucralose and protein as it requires three orders of magnitude more binding energy ~10Kcal/Mol. This suggests that the interaction between sucralose and the protein must be weak dipole-dipole type of interaction. In highly stressed environments and at high concentrations of sucralose this weak interaction could cause sucralose to bind with proteins and alter its folding dynamics which in turn destabilizes protein structures.
This weak interaction could alter the structural stability of proteins as it needs to explore a new energy conformation phase space, which may or may not be stable at elevated temperatures.
Our previous work [9] indicated that sucralose did not significantly alter the native state conformation of model proteins at room temperature or for concentrations below 0.2 M. Therefore, we anticipated that the reduction in melting point was due to a subtle shift in the interactions of sucralose with the protein. A small shift in the hydrophobic effect or weak dipolar interactions would be consistent with the available data. This subtle shift is also consistent with the apparent contradiction in the water structuring capabilities of this molecule. While sucralose is more effective than sucrose at reducing hydration dynamics in the bulk, it is not an effective biopreservative. While solvation of many molecules might result in modified hydration dynamics, it is only those that are strongly excluded from the protein interface that would enhance the protein stability through the preferential exclusion model.
Our data provides insight into the origin of the bio-preservative properties of compatible osmolytes. It is important to note that the quality of the simulation results is only as good as the ability of such simulations to model hydrophobic interactions. The reliable prediction of the role of hydrophobicity in protein-ligand binding is not without controversy [39] . However, we feel that the consistency of the nature of the unique binding sites of sucralose provide a strong argument for the origin of this very subtle change in protein interaction. The result is consistent with its change in water solubility as well. We feel that the sucralose-sucrose comparison could be informative for the further development of hydrophobic binding of ligands. Furthermore, the change in protein interaction is valuable for food scientists investigating the bioavailability, stability, and processing of sucralose food items.
CONCLUSION
We explored the effect of sucralose on bulk hydration dynamics using ultrafast upconversion spectroscopy and demonstrated 180% slowdown in presence of sucralose, which is ~3.5 times more than sucrose at the same concentration. We found that although sucralose is a superior dynamic reducer of bulk hydration dynamics that it is destabilizing in nature for proteins.
Our docking simulation suggest that sucralose has a slightly larger tendency to bind with hydrophobic pockets on protein surfaces. This could result in a weak interaction of sucralose with proteins which in turn destabilizes protein structures.
Data in Brief Article
Title: Data for sucralose interaction with protein structure. Table S1 . For verification of ligand docking algorithm used by Autodock VINA the comparisons between docked conformation of substrate and experimentally obtained conformation from crystal structure is presented in Figure S2 . Ligand docking simulations were then performed to revel molecular level difference in interaction of sucralose and sucrose with proteins. Figure S3- 
Value of the Data
• The data represents steady state absorption/emission and lifetime of tryptophan in presence of sucralose and sucrose.
• The data also presents verification of ligand docking algorithm used by Autodock VINA for four model protein systems.
• The data visualize unique or weak interaction of sucralose with four model protein systems simulated using Autodock VINA.
• This data will provide complimentary support to arguments presented in the main article.
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